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A significant restriction was demonstrated in the ability of herpes simplex virus type 1 virion host shutoff (vhs) mutant
viruses to invade the corneal epithelium. Viral replication and invasion was confined to the areas of the cornea which
were scarified prior to infection. Differences between wild-type and vhs mutant replication in corneas in vivo were 100-
to 1000-fold at all timepoints postinfection. Smaller but still significant growth restrictions were observed in cultured
corneal cells. This difference between in vitro and in vivo is not likely to be due to differences in cell cycle status since
vhs-induced RNA degradation can occur in both cycling and noncycling cells in vitro. The vhs function is therefore
important for invasion of the cornea and secondarily the nervous system and is thereby required for efficient establish-
ment of latency. q 1997 Academic Press
INTRODUCTION Strom and Frenkel, 1987). All cellular and viral messages
studied have been shown to be destabilized by vhs, with
The generation of recombinant viruses and their test- the exception of ribosomal RNA (Oroskar and Read,
ing in animal models has elucidated the roles of viral 1989). Cultured peripheral neurons also appear resistant
genes in specific stages in pathogenesis (Wildy et al., to vhs in that no significant decrease in protein synthesis
1982). Examples of herpes simplex virus (HSV) genes was seen following infection with HSV-1 (Nichol et al.,
which are nonessential for viral growth but promote 1994). Although vhs is not essential for viral replication,
pathogenicity include ribonucleotide reductase and vi- vhs mutants have a modest growth deficit compared to
rion host shutoff (vhs), which promote peripheral replica- wild-type virus in culture (Read and Frenkel, 1983; Kwong
tion, thymidine kinase (tk), which is required for gangli- and Frenkel, 1989; Read et al., 1993). Studies of vhs mu-
onic replication, latency-associated transcripts (LATs), tants in animal models have revealed impairment of viru-
which may enhance establishment of latency, and ICP0, lence following intracerebral and intraperitoneal infec-
tk, and LATs, which are required for efficient reactivation tion, as well as reduced levels of acute replication and
(Jacobson et al., 1989; Coen et al., 1989; Leib et al., 1989a, establishment and reactivation of latency by corneal in-
1989b; Perng et al., 1994; Sawtell and Thompson, 1992; fection (Becker et al., 1993; Strelow and Leib, 1995; 1996).
Strelow and Leib, 1995). One caveat with this approach, The precise mechanism by which vhs contributes to
however, is that upstream events in viral pathogenesis pathogenesis, however, remains to be determined.
affect downstream events. For example, lack of robust
replication at the periphery may lead to poor establish-
MATERIALS AND METHODSment of latency, and as a consequence, poor reactiva-
tion. It is important, therefore, to determine precisely at Cells and viruses
which stage, and the mechanism by which, any particular
mutant is impaired. All cells were maintained at 5% CO2, in a humidified
The viral UL41 gene product known as the vhs protein incubator at 377. Primary human and murine corneal cells
causes rapid destabilization of host mRNAs and concom- and African green monkey kidney (Vero) cells were prop-
itant translational arrest (Roizman et al., 1966; Kwong agated as described previously (Rader et al., 1993).
and Frenkel, 1987, 1989; Nishioka and Silverstein, 1977; Growth and plaque assay on Vero cells of HSV-1 strain
Read and Frenkel, 1983; Schek and Bachenheimer, 1985; KOS and vhs viral mutants UL41NHB, BGS41 (Strelow
and Leib, 1995) were carried out as described previously
(Rader et al., 1993). The b-galactosidase-expressing vi-1 Present address: Department of Molecular Microbiology and Immu-
rus pUICbgal contains an ICP6-lacZ cassette (Goldsteinnology, Oregon Health Sciences University, Portland, OR 97201-3098.
and Weller, 1988) inserted into the BglII site in the UL49.52 To whom correspondence and reprint requests should be ad-
dressed. Fax: 314-362-3638. E-mail: Leib@am.seer.wustl.edu. gene (nucleotide position 106,750).
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29HSV-1 VHS AND CORNEAL INFECTION
Generation of primary cells
Human eyes were obtained from the Mid-America Eye
Bank (St. Louis, MO). Corneas were dissected and slices
placed epithelium side down in 24-well tissue culture
plates in 150 ml of medium. Slices were maintained for
14 to 23 days until monolayers grew out. Murine corneal
buttons were prepared as described (Su et al., 1990).
Growth curve experiments
For growth curve experiments in human corneal cells,
wells were matched for percentage confluence between
viral groups. Cells were infected at an m.o.i. of 5 in a
volume of 200 ml, based upon an estimation of 1 1 104
cells per well. Growth curves in murine corneal buttons
were done essentially as described (Su et al., 1990).
Samples were frozen, stored at 0807 until thawing, son-
ication, and assay for infectious virus on Vero cells.
Animal procedures
Outbred female CD-1 mice (Charles River Breeding
Laboratories, Inc., Kingston, NY) were anesthetized with
ketamine and xylazine and their corneas scarified and
infected with 2 1 106 PFU of virus in a volume of 5 ml.
Eye swab material and trigeminal ganglia were obtained
and assayed for virus as described (Leib et al., 1989a).
X-gal- and immunohistochemistry
Whole eyes were either stained directly for b-galactos-
idase (Sanes et al., 1986) or sectioned for histochemistry.
FIG. 1. One-step growth curves in corneal cells. (A) Human cornealEyes for sectioning were snap-frozen in OCT compound
cells were infected with either KOS (closed boxes) or UL41NHB (open(Tissue Tek) in liquid nitrogen, cut into 6-mm sections,
circles) at an m.o.i. of approximately 5. Each point represents the loga-fixed, and stained for b-gal as above and counterstained
rithmic mean of three samples. (B) Murine corneal buttons were in-
with 1% Safranin-O. For immunohistochemistry, frozen fected with 3 1 106 PFU/ml of either KOS (closed squares) or UL41NHB
sections were cut, fixed, and stained for viral antigen (open circles). Each time point represents the logarithmic mean of 4
corneal buttons in 2 separate replicates. Error bars for both graphsessentially as described (Laycock et al., 1991).
were calculated as minimum–maximum values.
Northern blot analysis and mRNA degradation assay
RESULTS AND DISCUSSION
Northern blot analysis and mRNA degradation assays
Viral replication in corneal cells
probing for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were performed exactly as previously de- Previous results showed the growth of the vhs mutants
vhs-DSma and UL41NHB to be comparable to that ofscribed (Strelow and Leib, 1995). Total cytoplasmic RNA
was prepared 8 hr postinfection from monolayer cultures wild-type KOS virus in cultured cells but demonstrated a
significant restriction to vhs mutant viral replication inof infected or mock-infected Vero cells. Serum-starvation
was done for 3 days prior to 1 day of treatment with 1.5 mouse corneas in vivo (Strelow and Leib, 1995, 1996).
This restriction was investigated further by assessing themM hydroxyurea (HU) to growth arrest the cells. Cell
counts prior to infection were performed to ensure that ability of KOS and UL41NHB to replicate in growth curves
in primary human and murine corneal cells. By 28 hrcells were not dividing in addition to examination of the
cell cycle status of the cells using a bromo-2*-deoxy- postinfection in human corneal cells, yields of KOS were
approximately 13-fold higher than those of UL41NHB,uridine (BrDU) labeling and detection kit according to the
manufacturer’s instructions (Boeringer Mannheim) under although UL41NHB titers lagged slightly at all timepoints
(Fig. 1A). At this time in the murine corneal cells, therea Zeiss LSM410 laser scanning confocal microscope.
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31HSV-1 VHS AND CORNEAL INFECTION
such as fibroblasts which grow out in culture. Alterna-
tively, the relatively robust replication of UL41NHB in
these cultured cells may be explained by cell polarization
and cell cycle status which are both altered in cultured
cells.
Histochemistry of viral infection of scarified corneas
In order to address further the reduction in vhs mutant
replication in murine corneas, corneas were scarified
and infected with pUICbgal or BGS41. pUICbgal is identi-
cal to KOS in the mouse eye model with respect to acute
FIG. 3. RNA degradation assay by Northern blot analysis in untreated replication and reactivation (Davido and Leib, Manuscript
(cycling) and hydroxyurea-treated (noncycling) cells. (A) Autoradio-
in preparation). The pattern of scarification was clear ingraphic image of Northern blot obtained from cytoplasmic RNA ex-
whole mounts of pUICbgal-infected eyes (Fig. 2A), buttracted from KOS- (K), UL41NHB- (N), UL41NHBR- (R), or mock (M)-
infected Vero cells at 8 hr postinfection and probed for GAPDH. (B) less so in BGS41-infected eyes (Fig. 2B). Both viruses
Autoradiographic image from the same blot shown above but probed appear limited to replication within the needle tracks
for 28S rRNA as a loading control. introduced by scarification, although spread of pUICbgal
was more robust than that of BGS41. Sections of X-gal
histochemistry showed extensive staining seen for pUIC-was only a 2- to 3-fold difference in viral titer between
KOS and UL41NHB (Fig. 1B). By 3 days postinfection, bgal-infected eyes which spread laterally from the sites
of the epithelial scarification as well as infecting deeperhowever, there was approximately a 60-fold increase in
titers of KOS relative to UL41NHB in the murine cells. layers of the stroma, with a typical section shown (Fig.
2C). In contrast, the staining seen in BGS41-infected eyesThese results together suggest a significant restriction
to vhs mutant growth in corneal cells in vitro although was localized to the scarified tissues of the corneal epi-
thelium with no apparent stromal penetration (Fig. 2D).this restriction is less pronounced than in vivo, in which
titers were reduced from 1,000-fold at 24 hr and 100-fold To determine that the staining pattern was not an artifact
of different bgal promoter efficiencies (ICP6 for pUICb-out to 120 hr postinfection (Strelow and Leib, 1995; 1996).
These data suggest that although there is a significant gal, IECMV for BGS41), immunohistochemistry for viral
antigens was performed on sections cut from scarifiedrestriction to vhs mutant viral replication in corneal cells
in vitro, it takes multiple rounds of replication for these mouse eyes mock infected or infected 1 day prior with
either KOS or UL41NHB. Mock-infected eyes were nega-differences to become apparent. In contrast, up to 3 or-
ders of magnitude of differences in titers can be seen in tive for peroxidase staining (data not shown). Patterns of
peroxidase staining for KOS (Fig. 2E) and UL41NHB (Fig.vivo at timepoints when only a single round of replication
has occurred, suggesting a possible specific role for the 2F) were consistent with the corresponding staining seen
for pUICbgal and BGS41 with b-galactosidase. In addi-immune system in addition to the corneal growth restric-
tion. If so, it must be a component of nonspecific immu- tion, immunohistochemical staining of BGS41- and pUIC-
bgal-infected eyes (data not shown) revealed identicalnity since growth reduction is seen within 24 hr. Attractive
candidates are the interferons, since vhs may act to results to the bgal staining. Taken together, these data
demonstrate that the distribution of viral antigens mir-downregulate their synthesis or downstream activation
events and thus act as a mechanism of resistance to rored the distribution of b-gal activity for both wild-type
and vhs mutant viruses.interferons. Plaquing efficiency of UL41NHB, however,
was not altered relative to wild-type virus by interferons The precise mechanism by which scarification serves
to enhance viral infection of the cornea is not known. Aa, b, or g in mouse fibroblasts in culture, and its growth
was not enhanced in interferon g-receptor knockout possible explanation is related to the observation that
the cells of the corneal epithelium are highly organizedmice (L. I. Strelow et al., unpublished data). This is con-
sistent with a study showing the resistance of HSV-1 to and possibly polarized. This organization may be dis-
rupted either by scarification in vivo and by culturing ofa/b interferons maps to UL14, UL15, and UL16 (Su et al.,
1993), a region which does not include UL41. vhs mu- cells in vitro. There is evidence that HSV-1 gC may func-
tion to allow efficient infection of the nonscarified corneatants, therefore, do not appear to be hypersensitive to
interferons, although other cytokines may be responsible (S. Wechsler, personal communication), which may re-
flect the inability of gC-negative viruses to invade thefor the phenotype of UL41NHB in vivo and are under
further study. An alternative explanation for corneal cells apical surface of cells. vhs may also be required in this
regard, in that scarification may allow vhs mutants tobeing more permissive in vitro is that replication in these
cultures may not be occurring primarily in the corneal gain access to the basolateral surfaces of cells, thereby
enhancing infection.epithelial cells, but in other more permissive cell types
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FIG 4. Confocal microscopic images of Vero cells labeled with BrDU. (A) Untreated Vero cells labeled with BrDU and imaged with immunofluores-
cence microscopy. (B) Phase-contrast image of the same field of untreated Vero cells. (C) Hydroxyurea-treated Vero cells labeled with BrDU and
imaged with immunofluorescence microscopy. (D) Phase contrast image of the same field of hydroxyurea-treated Vero cells. Size bar represents
100 mm.
The role of the cell cycle in virion host shutoff least opens the possibility that a virus lacking shutoff
function could be impaired in these cells.
A previous report indicated that vhs does not occur in To address the issue of whether vhs occurred in non-
neurons, and that a possible reason for this resistance mitotic cells, RNA degradation assays (Strelow and Leib,
is related to a lack of mitosis in these cells (Nichol et 1995) were performed in normal and serum-starved HU-
al., 1994). The present study indicates that vhs mutant treated Vero cells probing for GAPDH in parallel with
replication is restricted to sites of corneal damage, which BrDU labeling of cultures to examine their cell cycle sta-
correlates with increased cell migration and mitotic activ- tus. GAPDH RNA was degraded following infection of
ity (Kuwubara et al., 1976; Lemp and Mathers, 1991). The both untreated and HU-treated cells (Fig. 3A) as judged
normal surface epithelium is nonmitotic, but wounding by normalization to 28S RNA (Fig. 3B) and quantitation
of the cornea results in the rapid migration of cells from (data not shown). Parallel cultures of Vero cells were
basal layers into the wound followed by their replication examined using BrDU-labeling to ensure that HU-treated
to fill the defect (Cenedella and Fleschner, 1990). There cells were not cycling. As shown in Figs. 4A and 4B,
are, therefore, pockets of mitotic activity in the corneal BrDU incorporated into the nuclei of approximately 60%
epithelium following scarification, which may provide of untreated cells. In contrast, no incorporation could be
detected in the HU-treated cells (Figs. 4C and 4D). Ofreplication sites for vhs mutant viruses. If noncycling cells
are resistant to shutoff, mutation of vhs should have no interest, approximately 15% of Vero cells in cultures
which were serum-starved for 4 days without HU treat-consequences for a virus replicating within these cells.
In contrast, if noncycling cells undergo shutoff, this at ment incorporated BrDU, suggesting serum starvation
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trigeminal ganglia but do not reactivate. Proc. Natl. Acad. Sci. USAalone is insufficient to growth arrest Vero cells (Smith
86, 4736– 4740.and Leib, Unpublished data). Nevertheless, these results
Goldstein, D. J., and Weller, S. K. (1988). An ICP6 :: lac Z insertional
show that RNA degradation mediated by vhs can occur mutagen is used to demonstrate that the UL52 gene of herpes sim-
in HU-arrested Vero cells in the absence of active cell plex virus type 1 is required for virus growth and DNA synthesis. J.
Virol. 62, 2970– 2977.cycling. One important caveat, however, is that postmi-
Jacobson, J. G., Leib, D. A., Goldstein, D. J., Bogard, C. L., Schaffer, P. A.,totic neurons and cells of the corneal epithelium are most
Weller, S. K., and Coen, D. M. (1989). A herpes simplex virus ribonu-likely in G0 , whereas HU-treated cells are blocked at the cleotide reductase mutant is defective for productive acute and reac-
G1-S interphase of the cell cycle (Meyn et al., 1973). It tivatable latent infections in mice and for replication in mouse cells.
may therefore be important to examine vhs function more Virology 173, 276– 283.
Kuwubura, T., Perkins, D. G., and Cogan, D. G. (1976). Sliding of theclosely in G0-arrested cells.
epithelium in experimental corneal wounds. Invest. Ophthalmol. Vis.The establishment of latency by vhs mutant viruses
Sci. 15, 4– 14.has been shown to be significantly reduced (Strelow and
Kwong, A. D., and Frenkel, N. (1987). Herpes simplex virus-infected
Leib, 1995, 1996). Although establishment of latency can cells contain a function(s) that destabilizes both host and viral
occur in the absence of viral replication, there is clear mRNAs. Proc. Natl. Acad. Sci. USA 84, 1926–1930.
Kwong, A. D., and Frenkel, N. (1989). The herpes simplex virus virioncorrelation between levels of peripheral replication and
host shutoff function. J. Virol. 63, 4834–4839.establishment for wild-type virus (Leib et al., 1989). How-
Laycock, K. A., Lee, S. F., Brady, R. H., and Pepose, J. S. (1991). Charac-ever, when low doses of KOS were used to infect mice
terization of a murine model of recurrent herpes simplex viral keratitis
such that levels of peripheral replication were equivalent induced by ultraviolet B radiation. Invest. Ophthal. Vis. Sci. 32, 2741–
to those of UL41NHB ganglionic titers and establishment 2746.
Leib, D. A., Coen, D. M., Bogard, C. L., Hicks, K. A., Yager, D. R., Knipe,of latency were still at least 10-fold higher for KOS than
D. M., Tyler, K. L., and Schaffer, P. A. (1989a). Immediate-early regula-for UL41NHB (Strelow and Leib, Unpublished data). This
tory gene mutants define different stages in the establishment andsuggests that establishment of latency depends not only
reactivation of herpes simplex virus latency. J. Virol. 63, 759– 768.
upon levels of acute replication but also on the anatomic Leib, D. A., Bogard, C. L., Kosz-Vnenchak, M., Hicks, K. A., Coen, D. M.,
location of the replication. It is clear that vhs mutants Knipe, D. M., and Schaffer, P. A. (1989b). A deletion mutant of the
latency-associated transcript of herpes simplex virus type 1 reacti-replicate only in superficial layers of the cornea. This,
vates from latency with reduced frequency. J. Virol. 63, 2893– 2900.coupled with the lack of lateral spread seen with wild-
Lemp, M. A., and Mathers, W. D. (1991). Renewal of the corneal epithe-type viruses, reduces the probability that vhs mutants will
lium. CLAO J 17, 258–266.
encounter and enter corneal nerve bundles and terminae Meyn, R. E., Hewitt, R. R., and Humphrey, R. M. (1973). Evaluation of S
within the epithelium resulting in reduced establishment phase synchronization by analysis of DNA replication in 5-bromo-
deoxyuridine. Exp. Cell. Res. 82, 137–142.of latency. The primary defect associated with vhs mu-
Nichol, P. F., Chang, J. Y., Johnson, E. M., and Olivo, P. D. (1994). Infec-tants in vivo, therefore, lies at the level of primary
tion of sympathetic and sensory neurones with herpes simplex virusspread and subsequent invasion of the peripheral ner-
does not elicit a shut-off of cellular protein synthesis: Implications
vous system. for viral latency and herpes vectors. Neurobiology of Disease 1, 83 –
94.
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